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Abstract  31 
 32 
More diverse crop rotations have been promoted for their potential to remediate the range of 33 
ecosystem services compromised by biologically simplified grain-based agroecosystems, 34 
including increasing soil organic carbon (SOC).  We hypothesized that functional diversity offers 35 
a more predictive means of characterizing the impact of crop rotations on SOC concentrations 36 
than species diversity per se. Furthermore, we hypothesized that functional diversity can either 37 
increase or decrease SOC depending on its associated carbon (C) input to soil. We compiled a 38 
database of 27 cropping system sites and 169 cropping systems, recorded the species and 39 
functional diversity of crop rotations, SOC concentrations (g C kg soil-1), nitrogen (N) fertilizer 40 
applications (kg N ha-1 yr-1), and estimated C input to soil (Mg C ha-1 yr-1). We categorized crop 41 
rotations into three broad categories: grain-only rotations, grain rotations with cover crops, and 42 
grain rotations with perennial crops. We divided the grain-only rotations into two sub-categories: 43 
cereal-only rotations, and those that included both cereals and a legume grain. We compared 44 
changes in SOC and C input using mean effect sizes and 95% bootstrapped confidence intervals.  45 
Cover cropped and perennial cropped rotations, relative to grain-only rotations, increased C input 46 
by 42 and 23% and SOC concentrations by 6.3 and 12.5%, respectively.  Within grain-only 47 
rotations, cereal + legume grain rotations decreased total C input (-16%), root C input (-12%), 48 
and SOC (-5.3%) relative to cereal-only rotations. We found no effect of species diversity on 49 
SOC within grain-only rotations. N fertilizer rates mediated the effect of functional diversity on 50 
SOC within grain-only crop rotations: at low N fertilizer rates (<= 75 kg N ha-1 yr-1
 58 
), the 51 
decrease in SOC with cereal + legume grain rotations was less than at high N fertilizer rates.  52 
Our results show that increasing the functional diversity of crop rotations is more likely to 53 
increase SOC concentrations if it is accompanied by an increase in C input. Functionally diverse 54 
perennial and cover cropped rotations increased both C input and SOC concentrations, 55 
potentially by exploiting niches in time that would otherwise be unproductive – that is, 56 
increasing the “perenniality” of crop rotations.  57 
 59 
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 65 
Introduction  66 
 67 
Biologically simplified grain-based agroecosystems provide 50% of human calories worldwide 68 
(FAOSTAT 2013) but create a host of environmental costs (Montgomery 2007, David et al. 69 
2010, Heathcote et al. 2013), including diminished soil organic carbon (SOC) stocks (Guo and 70 
Gifford 2002).  Soil carbon (C) in agroecosystems has been the focus of renewed attention lately 71 
(Lehmann and Kleber 2015, Paustian et al. 2016), because increasing SOC can mitigate a portion 72 
of anthropogenic C emissions (Lal 2004a, 2004b) and improve both nutrient (Campbell and 73 
Souster 1982, Booth et al. 2005) and water holding capacity of soils (Hudson 1994).  The 74 
concurrence of low diversity and low SOC proposes the question: does increasing the 75 
biodiversity of agroecosystems increase SOC?  76 
Soil C stocks are determined by both the fixed, edaphic properties of soil and by agroecosystem 77 
management.  Management practices regulate both C inputs to soil and C losses via respiration, 78 
and SOC stocks represent the balance between these fluxes.  Carbon input to soil, defined as the 79 
difference between net primary productivity (NPP) and C exported in crop harvest, sometimes 80 
predicts the effects of cropping systems on SOC (Rasmussen et al. 1980, Kong et al. 2005, 81 
Novara et al. 2016, Sanderman et al. 2016).  In some cases, however, lower total C input in one 82 
cropping system corresponds to higher SOC (Gregorich et al. 2001, Kallenbach et al. 2015).  In 83 
these cases, other mechanisms are invoked to interpret cropping system effects on SOC, for 84 
instance, that root tissues are preferentially stabilized in soil compared to shoot tissues (Puget 85 
and Drinkwater 2001, Rasse et al. 2005, Kong and Six 2010), or that high quality plant tissues 86 
(as characterized by their litter C chemistry; e.g., low C:N, low lignin:N) are preferentially 87 
stabilized in SOC (Cotrufo et al. 2013). As data from intra-site cropping system comparisons 88 
have not been aggregated, it is difficult to discern the relative prevalence of positive and negative 89 
relationships between C input and SOC.  90 
Crop rotation diversity has been previously linked to increased SOC (McDaniel et al. 2014), 91 
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however, to our knowledge no synthesis elaborates whether crop rotation diversity is also linked 92 
to crop rotation C input.  In order to predict the effect of crop rotation diversity on both C input 93 
and SOC, it is necessary to re-evaluate the species diversity metrics originally employed in 94 
biodiversity-ecosystem function research (Harper and Hawksworth 1994, Tilman et al. 2001).  95 
Functional diversity is increasingly recognized as more predictive of ecosystem function than 96 
species diversity (Petchey and Gaston 2006, Cadotte et al. 2011, Conti and Díaz 2013, Martin 97 
and Isaac 2015, Wood et al. 2015). Although multiple metrics of functional diversity exist, plant 98 
functional groups are often delineated based on representative individuals’ functional traits – 99 
those features of an organism’s phenotype that determine its effect on ecosystem function – 100 
because it can be impractical to measure traits for all individuals (Petchey and Gaston 2006). 101 
With respect to SOC accrual, plant functional traits of interest include, at a minimum, above and 102 
belowground NPP (Virto et al. 2012, Anderson-Teixeira et al. 2013) and plant tissue quality 103 
(Wuest and Gollany 2013).  We argue that a framework to link agroecosystem diversity to SOC 104 
should articulate how C input, and its above and belowground components, change with the 105 
inclusion of crop functional groups relevant to SOC accrual. 106 
In natural grasslands, ecological theory elaborates the linkage between plant functional group 107 
richness and SOC. This body of theory, however, does not fully capture C cycling dynamics in 108 
agroecosystems for at least two reasons.  First, it relies on interactions of functional groups in 109 
space to explain increases in NPP with biodiversity, for example, through complementary 110 
interactions such as facilitation or niche differentiation (Hector et al. 2001, Hooper et al. 2005, 111 
Fornara and Tilman 2008, Steinbeiss et al. 2008).  In most grain agroecosystems, however, the 112 
potential for interspecific facilitation is limited because biodiversity occurs mostly in crop 113 
rotations, with plant species isolated in time. Even facilitative effects over time, such as cereal 114 
crops benefiting from the biologically fixed N from a previous legume crop (Peterson and 115 
Russelle 1991), can be masked by N fertilizer inputs.  Second, in agroecosystems, management 116 
decisions – not at play in natural grasslands – also regulate C input.  Farmers intentionally 117 
manage crop species differently based on particular management goals, which can determine the 118 
proportion of crop NPP that is returned to soil.  For example, small grains such as oats could be 119 
grown either as a cover crop or a harvested grain, but return approximately 50% more C input to 120 
soil when managed as a cover crop (Bolinder et al. 2007).  121 
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Synthetic N fertilizer management is also a prominent feature of agroecosystems that can interact 122 
with crop rotation diversity to affect SOC.  N fertilizer inputs can decrease SOC by increasing C 123 
mineralization from soil, or can increase SOC by increasing NPP.  Holding crop species diversity 124 
constant, the net effect of N fertilizer on SOC is still debated (Robertson et al. 2013), and is 125 
likely context dependent, however most studies show an increase in SOC under N fertilization  126 
(Alvarez 2005, Russell et al. 2009, Jian et al. 2016).  Between crop rotations that differ in their 127 
functional diversity, crop response to N fertilizer may follow the “stress gradient hypothesis,” 128 
which proposes that facilitation is more important under conditions of greater environmental 129 
stress (Brooker et al. 2005, Li et al. 2007, Tang et al. 2016), such as low N availability. For 130 
instance, facilitative interactions between legume and non-legume crops are more important for 131 
maintaining productivity in zero N fertilizer than in high N fertilizer systems (Russell et al. 132 
2009). Such interactive effects between N fertilizer inputs and legumes on crop productivity 133 
suggest that N fertilizer could mediate the relationship between crop rotation diversity and SOC. 134 
For instance, at high N fertilizer rates, cereal grain rotations usually produce more residue input 135 
(i.e., the non-harvested portion of aboveground NPP) than do rotations of mixed cereal grains 136 
and legume grains.  This could lead to higher SOC concentrations under continuous cereal grains 137 
compared to rotations of mixed cereal and legume grains.  At low N fertilizer rates, however, 138 
cereal grain rotations might produce less biomass, performing more like rotations of mixed 139 
cereals and legume grains in terms of residue production and SOC concentrations.  140 
We conducted a meta-analysis of crop rotation experiments to test the hypothesis that increasing 141 
diversity in grain-based cropping systems is more likely to increase SOC if it includes crop 142 
functional groups that increase C input. We use crop rotation to refer specifically to the sequence 143 
of crop species grown in a field over time, reserving cropping system to describe an entire set of 144 
farm management practices (e.g., crop rotation, tillage regime, nutrient source). In each crop 145 
rotation, we classified crops into functional groups according to both physiological traits of crops 146 
and management factors that are linked to total, root, and shoot C input (Table 1). To identify 147 
functional groups, we delineated two common crop functional types independent of 148 
management, i) grass or legume, and ii) annual or perennial. These functional types align with 149 
plant traits relevant for SOC accrual: grasses, because they do not need to invest energy in 150 
biological N fixation, generally have higher yields (Bolinder et al. 2007, Monfreda et al. 2008, 151 
Iizumi et al. 2014), but lower quality residues (NRCS 2011), than do legumes. Perennial crops 152 
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produce more readily-stabilized root tissue than do annual crops (Bolinder et al. 2007, Anderson-153 
Teixeira et al. 2013). Since crop harvest is an important pathway of C export from 154 
agroecosystems, we included a third functional type controlled by management: iii) harvested or 155 
non-harvested crops. The resulting functional groups of crops represented most possible 156 
combinations of these six functional types, and with them we constructed crop rotation 157 
typologies (Table 2) and estimated both change in SOC and change in C input between crop 158 
rotation typologies. Specifically, we addressed the following questions: Does increasing the 159 
species or functional diversity of crop rotations 1) increase SOC concentrations and 2) increase C 160 
input? And, 3) Does the effect of crop rotation diversity on SOC depend on N fertilizer 161 
application rates?  162 
Methods  163 
 164 
Literature search and screening criteria  165 
We performed a search of Web of Science [v.5.16] on October 28, 2014 using the search terms 166 
(crop* rotation OR crop* system OR agroecosystem) AND (soil carbon OR soil organic matter) 167 
AND (long-term OR field) NOT (greenhouse OR pot), which returned 563 hits. Criteria for 168 
inclusion were at least two levels of crop species diversity (e.g., 1 and 2 species, or 2 and 4 169 
species), or at least two levels of functional group diversity (e.g., cereals and cereals + perennial 170 
crop). All crop rotations included at least one grain crop; agroforestry and pasture systems were 171 
beyond the scope of this study.  172 
 173 
Data collection and compilation  174 
Forty-nine publications, representing 27 cropping system sites, met criteria for inclusion in the 175 
study (Appendix S1, Table S1). For each experimental site we recorded elevation, latitude, 176 
percent clay, depth of soil sampling, and time between site establishment and soil sampling. For 177 
sites that did not report elevation, we used the Geoplaner database (http://www.geoplaner.com/) 178 
to find elevations. For sites where the soil texture class was reported, but not percent clay, we 179 
used the average clay concentration in the texture class.  180 
 181 
For each cropping system, species diversity was recorded as the total number of crop species 182 
present in the rotation. We recorded crop rotation length in years (the number of years before 183 
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return to an arbitrary entry point in the rotation), and N application rate (kg N ha-1) for each crop 184 
in the rotation. We calculated N fertilizer rate averaged over the crop rotation (kg N ha-1 yr-1
 191 
) as 185 
the sum of N fertilizer applied to each crop divided by length of the rotation in years. We were 186 
unable to estimate N input from biological N fixation because legume biomass was rarely 187 
reported. We excluded cropping systems with external C additions from the database to avoid 188 
confounding the effect of manure or compost with crop rotation diversity.  Tillage regimes were 189 
inadequately reported in the studies to be used as an independent variable in the analysis.  190 
To create crop rotation typologies based on functional diversity of crops, we first assigned each 192 
crop to a functional type: 1) grass or legume, 2) annual or perennial, and 3) harvested or non-193 
harvested (hereafter, “cover crop”), (Table 1).  Cover crops were classified as any crop not 194 
burned, grazed, or harvested for grain, hay, or stover. As all harvested, annual crops were either 195 
legumes or grasses, we aggregated them into a broader functional group “grains” for some 196 
analyses. At one site, oat was harvested for both grain and straw (Porter et al. 2003); we 197 
categorized the oat as an annual grain crop and did not count residue C inputs. We excluded 198 
rotations with horticultural crops (potatoes, tomatoes) and oilseeds (flax, canola) because their 199 
low frequency in the database precluded constructing viable typologies with them. Using the 200 
above groups for individual crops, we created several typologies of crop rotations between which 201 
to construct pair-wise comparisons within sites (Table 2).  For a given pair-wise comparison, the 202 
control rotation had lower functional group richness than the treatment rotation.  203 
 204 
As response variables, we recorded SOC on a concentration (g C kg-1 soil) and an areal (Mg C 205 
ha-1) basis. While we planned to report SOC on both an areal and concentration basis, only 44% 206 
of sites reported C on an areal basis or provided bulk density estimates for conversion.  As 87% 207 
of sites reported SOC on a concentration basis, we used SOC on a concentration basis in our 208 
analyses. Where possible, SOC reported on areal basis was converted to concentration by 209 
estimating bulk density from tillage regime and soil texture (Chen et al. 1998). Values reported 210 
as soil organic matter (SOM) were converted to SOC by dividing by 1.72 (Soil Survey Division 211 
Staff 1993). We took values reported as total C to be organic C as soil pH was less than 6 in 212 
almost all cases (Izaurralde et al. 2001). We used SOC values from 30 cm depth and shallower. 213 
Where SOC was reported for multiple depth increments above 30 cm, SOC concentrations were 214 
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calculated as depth-weighted averages (Johnson and Curtis 2001). Only soils sampled at least 215 
three years after site establishment were included.  In some cases, we used Data Thief® 
Of the 27 sites that met our selection criteria, six also replicated all cropping systems at different 218 
N fertilizer application rates and 13 replicated all cropping systems under different tillage 219 
regimes. In order to construct pair-wise comparisons for bootstrapped confidence intervals, for 220 
each site with an N fertilizer gradient, we selected a moderate N fertilizer level.  For experiments 221 
with two rates of N fertilizer application (where zero N rate is not considered a level), we used 222 
the higher level; with three levels of N fertilizer application, we used the middle level; and with 223 
four levels, we used the third highest level. For sites testing tillage regimes, crop rotations were 224 
paired only if they shared the same tillage regime. For sites without consistent tillage regimes, 225 
tillage regimes could differ between treatment and control in pair-wise comparisons. This 226 
approach allowed us to avoid an over-representation of pair-wise comparisons from sites that 227 
tested crop rotation diversity replicated across multiple N fertilizer levels or tillage regimes. 228 
When exploring whether N fertilizer could mediate the effect of crop rotation on SOC, however, 229 
we included all possible pair-wise comparisons at N gradient sites.  230 
software 216 
to extract data from figures.  217 
 231 
 232 
Carbon input   233 
 234 
Only 22% of cropping system sites reported C input parsed by root and shoot, or crop yields, so 235 
to estimate C input (Mg C ha-1 yr-1), we used crop yield data from FAO coupled with C 236 
allocation coefficients (Appendix S1, Table S2). We used crop yields specific to each site’s 237 
country, averaged over 1994-2014, unless crop yields were not reported, in which case we used 238 
an average of crop yields from all other countries. To convert yield to dry matter we multiplied 239 
crop yield by 0.85 for cereals (Ellis and Roberts 1980), forages (AARD, 2016), and legume 240 
grains other than soybean (Roberts and Abdalla 1968), and by 0.87 for soybean (Iowa State 241 
University Extension 2008). Crop biomass (Mg dry matter ha-1) was assumed to be 45% C. 242 
Carbon input of shoots, roots, and root exudates were estimated using allocation coefficients 243 
(Voisin et al. 2002, Ozpinar and Baytekin 2006, Bolinder et al. 2007, Munoz-Romero et al. 2011, 244 
Ju et al. 2015); see Appendix S1, Table S2. C input from grain crops was estimated as the sum of 245 
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C from shoot residues (total aboveground C – harvested C), roots, and root exudates; C input of 246 
hays and forages was estimated as the sum of root and root exudate C; and C input from cover 247 
crops was estimated as whole plant C input (aboveground biomass, roots, and root exudate C).  248 
For crops that were harvested for both grain and residue (e.g., corn harvested for both grain and 249 
stover), we estimated C input as root and exudate C.  Some perennial crops in the database were 250 
present for more than one year, however we counted standing root biomass as C input only once.  251 
To include root exudates over multiple growing seasons, we estimated that root exudates in years 252 
after the first were equal to those in the first year (65% of standing root biomass (Bolinder et al., 253 
2007)). To calculate average C input over a rotation cycle (Mg C ha-1 yr-1
 256 
), we summed C input 254 
for each crop and divided by the number of years in the rotation cycle.   255 
Statistical analyses  257 
Three broad (“pooled”) crop rotation typologies (Table 2) representing different combinations of 258 
crop functional groups emerged during data analysis: 1) “grain-only” rotations that had only 259 
harvested, annual grains; 2) “cover cropped” rotations that included a cover crop in rotation with 260 
harvested, annual grains, and 3) “perennial cropped” rotations that included a harvested perennial 261 
crop in rotation with harvested, annual grains. Within the “grain-only” typology, we identified 262 
narrower rotation typologies that were composed only of cereal grains (“cereals”), or those that 263 
included both legume grains and cereals (“cereals + legume grains”). Rotations of only legume 264 
grains were not adequately reported to be included as an independent category.  The “cover 265 
crop” and “perennial crop” functional groups were not sufficiently represented in the database to 266 
compare levels of species diversity within them for their effects on SOC or C input. 267 
 268 
We tested three sets of control-treatment comparisons. In all instances, the control rotation was 269 
the less diverse rotation. To test the effect of crop rotation functional diversity on SOC 270 
concentrations and C input, we used: i) “cereal” – “cereal + legume grain”, ii) “grain-only” –  271 
“cover cropped”, and iii) “grain-only” – “perennial cropped”. A relatively low proportion of 272 
cropping system experiments in our dataset included rotations with cover crops or perennial 273 
crops. We therefore compared “cover crop” and “perennial crop” to a more inclusive control 274 
typology of “grain-only” rotations (Table 2), which included both “cereal” and “cereal + legume 275 
grain” typologies. To test for the effects of species diversity on SOC concentrations and C input, 276 
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we split the “grain-only” group into constituent levels of species diversity and used i) “one 277 
species” – “two species” and ii) “two species” – “three species”. There was insufficient data to 278 
test one versus three species.  To test whether N fertilizer inputs mediated the effect of functional 279 
diversity on SOC, we used two main control-treatment groups: i) “cereal” – “cereal + legume 280 
grain”, and ii) “grain-only” – “cover cropped or perennial rotations”.  Cover cropped and 281 
perennial cropped rotations exercised a similar effect on SOC concentrations, and combining 282 
these categories, both with small sample sizes, allowed a more robust assessment of the 283 
mediating effects of N fertilizer. Within each of these two broad groups, we parsed observations 284 
into low N rates (both treatment and control groups received less than or equal to 75 kg N ha-1 yr-285 
1) and high N rates (both treatment and control groups received more than 75 kg N ha-1 yr-1
  288 
). We 286 
included all possible pair-wise comparisons at N gradient sites.    287 
We explored the response of SOC to species and functional group diversity by calculating an 289 
effect size using the response ratio of treatment to control (r = SOCt / SOCc). We log 290 
transformed response ratios (R = ln(r) = ln(SOCt) – ln(SOCc)) in order to perform the meta-291 
analysis on normally distributed data.  Although weighted meta-analysis provides a more 292 
rigorous assessment of treatment differences by assigning greater weight to observations with 293 
larger sample sizes and correspondingly lower variances (Gurevitch and Hedges 1999), very few 294 
studies reported any measure of variance for SOC.  We therefore performed an unweighted 295 
meta-analysis, in which the variance assigned to all response ratios was 1. Around the mean 296 
effect size for each control-treatment comparison, we created bias-corrected bootstrapped 95% 297 
confidence intervals with 5,000 iterations using MetaWin software Version 2.0 (Rosenburg et al. 298 
1997).  We recognize non-independence of observations from the same site; however, beyond 299 
selecting a subset of N rates and tillage practices for some sites, we did not exclude observations 300 
from the database.  Instead, when sites were well-represented for a given pair-wise comparison, 301 
we compared the within-group effect size for that site to the cumulative effect size for that 302 
comparison, excluding observations from the well-represented site.  Since no differences in 303 
effect sizes were found, we proceeded with inclusion of all observations to construct 304 
bootstrapped confidence intervals. We considered a treatment effect to be significant if its 95% 305 
CI did not overlap zero, and treatments to be significantly different from each other if their 95% 306 
CIs did not overlap (Gurevitch and Hedges 1999).  307 
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 308 
We used multiple linear regression to explore whether the effect of crop rotation diversity on 309 
SOC was mediated by site-specific environmental factors. We used forward selection of 310 
independent variables: latitude (absolute values, used as a proxy for climate (Kallenbach and 311 
Grandy 2011)), percent clay content, elevation, mean SOC concentration at the site, pH, years 312 
elapsed between sampling and the beginning of the trial, and greatest depth sampled above 313 
30cm, and we used site as a random effect. We ran the mixed effects model using the lmer 314 
function in the R package lme4 (Bates et al. 2014). We used the response ratios of SOC as the 315 
independent variable, and we used two categories of control-treatment pairs: i) “cereals” – 316 
“cereal + legume grain”, and ii) “grain-only” – “cover cropped or perennial” rotations.  Models 317 
were compared using Akaike Information Criterion (AIC) values, with lower AIC values 318 
indicating the preferred model.   319 
Results   320 
Our search returned 563 hits, and of these, 49 publications reporting on 27 cropping system 321 
studies met the criteria for inclusion in our analysis.  Most cropping system experiments were 322 
located in North America (63%) with others spread across South America, Europe, Australia, 323 
and Asia (Table 3). Forty-one percent of cropping system experiments only tested rotations of 324 
annual harvested grains, while a subset of experiments tested the inclusion of cover crops (37%) 325 
or perennials (30%).  The experimental sites focused heavily on three major grain species: corn, 326 
soybean (a grain legume), and wheat.  Of the 167 crop rotations in the database, only 13 did not 327 
include one of these species. The median time from site establishment to soil sampling for the 328 
database was 14 years. 329 
 330 
The most effective crop rotations for increasing SOC concentrations were those that included the 331 
functional groups perennial crop or cover crop: relative to crop rotations of only grains, 332 
perennial cropped and cover cropped rotations increased SOC concentrations by 6.2 and 12.5% 333 
respectively (Figure 1).  Within grain-only rotations, however, including a legume grain in 334 
rotation with cereal grains decreased SOC concentrations by 5.3% compared to rotations of only 335 
cereal grains (Figure 1). Increasing the species diversity of grain-only rotations without adding 336 
perennial crops or cover crops had no detectable effect on SOC concentrations (Figure 2).    337 
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 338 
The negative effect of legume grains on SOC concentrations was not strongly mediated by the 339 
species of cereal grain in the control rotation. Cereal + legume grain rotations, when compared to 340 
either a corn monoculture or to a wheat monoculture, did not differ significantly in their SOC 341 
concentrations (Figure 3). Compared to grain-only rotations that included multiple species of 342 
cereal grains (“miscellaneous”), incorporating legume grains into rotations decreased SOC 343 
concentrations by 7.5% (Figure 3; “misc grain” versus cereal + legume). 344 
  345 
Crop rotations with functional groups of crops that increased total C input (cover cropped and 346 
perennial cropped rotations) increased SOC concentrations relative to a control (Figure 1).  347 
Similarly, crop rotations that decreased C input relative to control corresponded to a decrease in 348 
SOC concentrations (Figure 1).  Changes in shoot C input between control-treatment 349 
comparisons did not correspond to changes in SOC (Figure 1), but changes in root C input 350 
between pairwise comparisons did correspond to changes in SOC. Increasing the species 351 
diversity of grain-only rotations had no effect on total or shoot C input, and was associated with 352 
a only a small increase in root C input compared to the increase observed under cover cropped 353 
and perennial cropped rotations (Figure 2).  354 
 355 
Cover cropped and perennial cropped rotations increased SOC relative to grain-only rotations 356 
regardless of their N fertilizer rates, however their mean effect was slightly greater when N 357 
fertilizer rates were low (<= 75 kg N ha-1 yr-1
 360 
, Figure 4).  Cereal + legume grain rotations 358 
decreased SOC more under high N fertilizer rates compared to low N fertilizer rates (Figure 4).  359 
For the pair-wise comparison of cereal versus cereal + legume grain rotations, all environmental 361 
moderators were retained during model selection, however, only elevation, latitude, and site-362 
level SOC concentrations significantly moderated the negative effect of legume grains on SOC 363 
(Appendix S1, Table S3, marginal R2 = 0.16). At higher elevations, further from the equator, and 364 
at higher site-level SOC concentrations, incorporating legume grains into a cereal grain rotation 365 
had less of a negative effect on SOC concentrations (Appendix S1, Table S3). In contrast, no 366 
environmental variables were found to moderate the positive effect of perennial crops or cover 367 
crops on SOC (Appendix S1, Table S4, marginal R2 = 0.06).   368 
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 369 
 370 
Discussion   371 
 372 
Prescriptions for multifunctional agriculture trend toward an overarching principle: increase 373 
biodiversity.  While compelling in its simplicity, this prescription will be most effectively 374 
operationalized if biodiversity is categorized into functional groups or traits relevant to the 375 
ecosystem functions, or services, of interest (Petchey and Gaston 2006, Jackson et al. 2007, 376 
Finney and Kaye 2016).  In our analysis of agroecosystems, we extended two common plant 377 
functional types (legume or grass, and annual or perennial) to include a functional type 378 
controlled by management, designating each crop as either a harvested crop or as a cover crop. 379 
Although plant functional traits are considered better predictors of ecosystem function than are 380 
groups (Martin and Isaac 2015, Wood et al. 2015), most studies in our database did not report 381 
individual plant traits.  Nevertheless, the functional groups defined here capture key plant traits 382 
of interest to SOC accrual, i.e., total and root C input to soil. Designating crop functional groups 383 
allowed us to delineate typologies of grain-based crop rotations according to their functional 384 
diversity.  We found that increasing the richness of functional groups in crop rotations was only 385 
sufficient for increasing SOC levels when certain functional groups were included: perennial 386 
crops and cover crops.  Compared to grain-only rotations, cover cropped rotations increased 387 
SOC by 6.3%, corresponding to approximately 2.9 Mg C ha-1, while perennial cropped rotations 388 
increased SOC by 12.5%, corresponding to approximately 5.7 Mg C ha-1 in the top 20 cm of soil.  389 
 393 
Within grain-only rotations, diversifying a rotation of cereal grains by adding legume grains 390 
decreased SOC levels.  The functional groups of crops effective for increasing SOC, cover crops 391 
and perennial crops, were associated with increases in total and root C input to soil.     392 
Do relative levels of C input between cropping systems predict their effects on SOC? Although 394 
the bootstrapped confidence intervals from our meta-analysis reveal a general trend affirming 395 
this relationship, there were noteworthy exceptions: in 16% of observations, decreases in C input 396 
were accompanied by increases in SOC, as has been found previously (Gregorich et al. 2001, 397 
Kallenbach et al. 2015).  These observations were located at older sites, with an average site age 398 
of 23 years, compared to 13 years for observations in which changes in C input corresponded to 399 
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changes in SOC, or 11 years for the 16% of observations in which SOC decreased despite 400 
increases in C input.  Indeed, it is increasingly recognized that a complex suite of interacting 401 
phenomena govern the residence time of C inputs to soil (Schmidt et al. 2011), including plant 402 
tissue quality (Cotrufo et al. 2013), microbial community growth efficiencies (Bradford et al. 403 
2013, Kallenbach et al. 2015), oxygen availability (Keiluweit et al. 2016), soil temperature (Frey 404 
et al. 2013), and bulk density (Wang et al. 2015).  When diversifying crop rotations, many if not 405 
all of these features necessarily vary in tandem.  Increasing the functional group diversity of crop 406 
rotations can decrease the quantity but increase the quality of C inputs (e.g., from a wheat – 407 
wheat to a wheat – pea rotation), or may entail changing the frequency or intensity of disturbance 408 
via tillage (Crews et al. 2016, King and Hofmockel 2017).  Studies included in our database did 409 
not report the necessary information to test to what extent these other mechanisms are 410 
responsible for changes in SOC between diverse and less diverse crop rotations.  Studies only 411 
rarely reported yield data, so we made conservative use of country-level FAO data by restricting 412 
our analysis to estimates of relative levels of C input within sites.  Therefore, our analysis 413 
provides grounds for broad generalizations about the relationship between crop rotation 414 
diversity, C input, and SOC.  415 
 416 
Cover crops and perennials were both associated with increases in SOC (Figure 1), concomitant 417 
with increases in total C input, which in many cases were facilitated by increased time of living 418 
soil cover, or perenniality. Adding a cover crop to a crop rotation – all other features of the 419 
rotation being equal – uses a niche for primary production that would have otherwise been 420 
fallow, increasing both shoot and root C input above the grain-only rotation. Similarly, a 421 
perennial crop, while sometimes replacing a grain crop, can use the beginning and end of 422 
temperate growing seasons that most grain crops, excluding winter wheat, would not harness for 423 
plant growth. Although the perennial cropped rotations returned less shoot C to soil than the 424 
grain-only rotations did, they overcame the difference with increased root C inputs (Figure 1), 425 
which include both root biomass and root exudate inputs. Root C inputs were likely responsible 426 
for the increase in SOC reported here, as they have elsewhere been shown to have stronger 427 
effects on SOC accumulation than shoot C inputs (Puget and Drinkwater 2001, Rasse et al. 428 
2005). Our estimation of shoot C input from perennial hay crops, based on Bolinder (2007), is 429 
likely an underestimate, as perennial crops in different experimental sites were hayed 430 
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inconsistently during the first season of growth (e.g., Porter et al., 2006; Robinson, 1996).  Both 431 
perennial and cover crops capitalize on windows of time that would have otherwise been 432 
unproductive, thereby increasing total C input to soil. Globally, there is enormous biological 433 
potential to leverage these windows of time for plant growth, as most of the world’s croplands 434 
produce one or fewer harvests per year (Siebert et al. 2010), which, in grain-based cropping 435 
systems, leaves half or more of the year unused for primary productivity and potential C input to 436 
soil.  437 
 438 
It is possible that the increase in SOC with perennial cropping systems could be due in part to 439 
decreases in tillage frequency (West and Post 2002) that may occur under perennial cropping. 440 
We were not able to test for this effect in our analysis, however: due to the inconsistent reporting 441 
of tillage regimes in the literature, we relied on two broad categories (till and no-till), which 442 
could mask variability in tillage frequency. Thus, although studies in the database compared 443 
annual grain and perennial cropped systems across ostensibly similar tillage regimes (by chance 444 
rather than design; see methods in Data Collection and Compilation), perennial cropped systems 445 
were in most cases subject to lower tillage frequency than annual grain cropping systems. At two 446 
sites, however, both perennial cropped and annual grain systems were no-till (Basamba et al. 447 
2006, dos Santos et al. 2011). It is also possible that tillage frequency has little direct effect on 448 
SOC. Deeper sampling than used in initial tillage studies (down to 40cm) generally reveals that 449 
reducing tillage frequency redistributes but does not significantly increase SOC throughout the 450 
soil profile (Baker et al. 2007, Blanco-canqui and Lal 2008, Luo et al. 2010). 451 
 452 
Within grain-only rotations, the transition from a rotation of only cereal grains to a rotation 453 
including both cereal grains and legume grains, often, but not always, represents a tradeoff 454 
between quantity and quality of C input. Legume grains produce less biomass than do most 455 
cereals (Monfreda et al. 2008, Iizumi et al. 2014) and return correspondingly less crop residue to 456 
soil. Given that many legume crops also have higher quality tissues than do cereals (Johnson et 457 
al. 2007, NRCS 2011), their tissues could be expected to be more efficiently stabilized in soil 458 
due to increases in microbial substrate use efficiency (Cotrufo et al. 2013, Castellano et al. 459 
2015), potentially counteracting the effects of their lower residue quantity and enabling them to 460 
maintain SOC levels similar to or greater than cereal-only cropping systems. In our meta-461 
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analysis, however, grain-only cropping systems with legume grains maintained mean SOC levels 462 
slightly below those of cereal-only cropping systems.  The stabilization efficiencies of litter may 463 
still differ in the direction predicted by this framework, however it may not be adequate to 464 
counteract the differences in total C input.  465 
   466 
The crop functional groups used in this analysis encompassed considerable variability in average 467 
crop NPP. For instance, both wheat and corn were classified as cereal grains, even though wheat 468 
contributed on average 17% less C input than did corn.  When comparing cereal grain rotations 469 
to cereal + legume grain rotations, however, the effect of legume grains in decreasing SOC was 470 
comparable regardless of the cereal grain in the control rotation (Figure 3). Similarly, cover 471 
crops and perennials were compared to grain-only rotations that could include either cereals or 472 
legume grains. Cover crops and perennial crops increased SOC concentrations relative to grain-473 
only control even when the control included a legume grain in rotation (data not shown), 474 
suggesting that cover crops and perennial crops can counteract the neutral or negative effect of 475 
annual legume grains on SOC levels.  476 
 477 
In general, crop rotation functional group diversity had a stronger effect on SOC than did N 478 
fertilizer levels (Figure 4). At low N fertilizer rates, however, grain-only rotations that included a 479 
legume grain were more similar in SOC concentrations to cereal grain rotations. This may be due 480 
to poor productivity and low C input of the cereal grain rotation at low N fertilizer levels.  481 
Simultaneously, in the cereal + legume grain rotation, consistent with the stress gradient 482 
hypothesis (Brooker et al. 2005, Li et al. 2007), the legume grain may increase cereal yield 483 
relative to cereal only rotations. Indeed, at zero N fertilizer, corn yields from a corn-soy rotation 484 
can double those of a corn-corn rotation (Shah et al. 2003, Mallarino and Ortiz-Torres 2006, 485 
Stanger and Lauer 2008). Among the perennial and cover cropped rotations, almost all (95%) 486 
included leguminous species exclusively or in mixtures, suggesting that at low N fertilizer rates, 487 
they may increase production of residue from grain crops relative to those of the grain-only 488 
control by providing a N source. This facilitative interaction could explain the slightly greater 489 
effect of (mostly leguminous) perennial crops and cover crops on SOC at low N fertilizer levels 490 
(Figure 4).  491 
 492 
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Within grain-only rotations, we found no effect of increasing species diversity on SOC (Figure 493 
2), consistent with McDaniel et al. (2014). All other features of a rotation being equal, 494 
exchanging one species of annual grain for another has limited potential to increase SOC levels 495 
despite differences among species in total NPP. Previous studies have explored whether, within 496 
grain-only rotations, increasing the frequency of cropping (e.g., reducing fallow time) can 497 
increase SOC levels. At some sites, decreasing fallow increased SOC (Gan et al. 2012, Yang et 498 
al. 2012, Shrestha et al. 2013), however a synthesis by West and Post (2002) of 11 paired 499 
comparisons found no effect of decreasing fallow time on SOC. Our results were not likely 500 
confounded by grain cropping frequency since the grain-only cropping systems in our database 501 
were relatively homogeneous: more than 80% of grain-only rotations had only one crop grown 502 
per year. Although our database did not allow us to compare the effect of increasing cropping 503 
frequency in annual grain systems relative to other practices, we speculate that increasing 504 
cropping frequency of annual grain crops likely has less potential to remediate SOC levels than 505 
do cover crops and perennials, due to grain crops’ lower total C return compared to cover crops 506 
and lower investment in root tissue compared to perennial crops.  507 
 508 
Agricultural soils, by virtue of the quantity of C they contain, represent a potential leverage point 509 
by which to manage the C cycle and mitigate global climate change (Paustian et al. 2016).  510 
Nevertheless, predicting the potential of different cropping systems to mitigate climate change 511 
will require an integrated approach. The impact of cropping systems on SOC needs to be 512 
integrated with the greenhouse gas footprint of their associated agricultural practices, including 513 
those used to power tillage operations and manufacture agrochemical inputs. A cropping system 514 
with a slight negative effect on SOC, such as cereal + legume grain compared to cereal only, 515 
may yet be associated with greater climate change mitigation potential if the inclusion of a 516 
legume grain sufficiently reduces the use of energy-intensive synthetic N fertilizer. Conversely, a 517 
cover crop, if it increases emissions of N2O, a powerful greenhouse gas, from soil (Basche et al. 518 
2014), may offset some of the climate change mitigation potential it achieves through soil C 519 
storage. A change in existing cropping systems may also lead to indirect effects on soil C storage 520 
via land use change. For instance, substituting perennial crops for annual grains could cause an 521 
increase in market prices for grain crops and subsequent expansion of annual grain cropping 522 
systems into previously uncultivated land (sensu Lark et al., (2015); Plevin et al., (2010)). While 523 
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any cropping system can give rise to trade-offs vis-à-vis its climate change mitigation potential, 524 
leguminous perennial crops and cover crops are particularly promising because they have the 525 
potential to both increase SOC levels and to reduce the need for synthetic N fertilizer. 526 
 527 
Functionally diverse crop rotations need to also be considered for the broad suite of benefits they 528 
offer compared to grain-only crop rotations.  Functionally diverse crop rotations create 529 
variability in planting and harvesting times, and therefore in the availability of resources for 530 
weeds and pests, which can interfere with weed and pest cycles and reduce the need for herbicide 531 
and pesticide applications (Onstad et al. 2003, Davis et al. 2012). Crop rotations with functional 532 
groups that extend the time of living soil cover can also enhance agroecosystem N retention and 533 
reduce nitrate losses from soil via leaching (Randall et al. 1997, Tonitto et al. 2006, Syswerda et 534 
al. 2012, Blesh and Drinkwater 2013). As a result, crop rotations with high phenological 535 
diversity and perenniality – that is, rotations that better mimic the natural grasslands that grain 536 
agriculture usually supplants – are likely best equipped to supply a broad suite of ecosystem 537 
services.  538 
 539 
Our synthesis revealed opportunities to advance both testing and reporting of crop rotations for 540 
SOC accrual. First, we found relatively few cropping system sites testing the typologies of crop 541 
rotations – cover cropped and perennial cropped – able to provide some of the greatest 542 
environmental benefits in terms of SOC storage. Due to this low testing frequency, we 543 
aggregated crop functional types (legume, grass) within perennial and cover cropped rotations, 544 
however, it may be that plant functional diversity in mixed species cover crops and perennial 545 
crops can influence their provisioning of ecosystem services (Smith et al. 2014, Storkey et al. 546 
2015, White et al. 2017). Cover crops and perennial crops are better-suited to growing in species 547 
mixtures than are grain crops, leaving open the possibility for leveraging functional diversity in 548 
mixed-species cover crops or perennial forages to provide SOC storage and other environmental 549 
services (Wortman et al. 2012, Finney and Kaye 2016, Blesh 2017). Second, we were able to 550 
estimate N inputs from synthetic N fertilizer, but not N inputs from biological N fixation, leaving 551 
unexplored the role that legume N fixation may play in mediating the effect of crop functional 552 
diversity on SOC. Such effects may be difficult to isolate, however, as N input from leguminous 553 
fixation would be confounded with plant tissue quantity and quality. Finally, we relied on crop 554 
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functional groups that only roughly captured plant traits of interest for SOC accrual. In the 555 
future, species-specific reporting of plant traits, including tissue biochemistry, could allow for 556 
more specific prescriptions about the features of crop rotation functional diversity most effective 557 
for increasing SOC.  558 
 559 
 560 
Conclusions    561 
 562 
More diverse crop rotations have the potential to provide a broad suite of ecosystem services 563 
compared to biologically simplified grain-based agroecosystems, including increasing SOC. Our 564 
results indicate that a framework to link crop rotation diversity to SOC should articulate how C 565 
input changes with changes in the functional diversity of crop rotations. In addition to commonly 566 
used functional types for crops (annual or perennial, grass or legume), we included a 567 
management component to functional diversity: harvested or non-harvested (cover crops), to 568 
capture the effect of harvest practices on crop C input. The most effective crop rotations for 569 
increasing SOC concentrations relative to grain-only rotations were those that included a 570 
perennial crop or a cover crop. Perennial cropped and cover cropped rotations performed 571 
similarly in their ability to increase SOC, and their effects were more pronounced in low N input 572 
systems. Perennial crops, by increasing root C input over the rotation cycle, provide C input in a 573 
form known to be most readily stabilized in soil. Cover crops, by definition, return all of their 574 
biomass to soil, increasing both shoot and root C input compared to rotations with only harvested 575 
annual grains. In most systems, cover crops and perennial crops can also harness niches of time 576 
at the beginning and end of the growing season, increasing the available time for primary 577 
productivity. For crop rotations to increase soil C, multiple complementary heuristics can guide 578 
discussion: increasing functional diversity with cover crops and perennials, increasing C input, 579 
especially root C input, and increasing perenniality, the time of living soil cover.    580 
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Table 1. Crop functional types (grass or legume, annual or perennial, and harvested or non-harvested). The crop functional groups 
used in the meta-analysis are shown in italics.   
 
 
Harvested 
 
Non-harvested 
        
 
Grass 
 
Legume 
 
Grass 
 
Legume 
        Annual Cereal 
 
Legume grain 
 
Cover Crop* 
        Perennial Perennial crop
 
¥
 
 
€ 
*Cover crops included grasses, legumes, and grass-legume mixtures. We combined these categories due to the low overall frequency 
of cover crops in the database. Most (68%) crop rotations tested only legume cover crops; 23% tested both legumes and grasses, and 
9% tested only grass cover crops.   
¥All perennial crops included legumes, and 78% of perennial crops were comprised of a single legume species, alfalfa. The remaining 
perennial crops were legume mixtures (11%) or legume + grass mixtures (11%).  
€
  
No sites reported non-harvested perennial crops.   
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Table 2. Criteria for assigning crop rotation functional typologies.  
Crop rotation functional typologies 
    
       pooled 
 
narrow 
 
Crops always included 
 
Crops never included 
       
“grain-only” 
  “cereals” 
 
cereals 
 
legume grains, cover crops, perennial 
crops 
  
       “cereals + legume 
grains” 
 
cereals and legume grains 
 
cover crops, perennial crops 
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“cover 
cropped or 
perennial”  
“cover cropped” 
 
cover crop and grain crop 
 
perennial crop 
 
       
“perennial cropped” 
 
perennial crop and grain 
crop 
 
cover crop 
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Table 3. Summary of cropping system experiments in the database, by location and purpose of the experiment.  
Data base  Sites 
Percent 
of Total 
Total sites used 27 
 
   North America 17 63 
South America 5 19 
Europe 1 4 
Asia 3 11 
Africa 1 4 
   Only tested grain-only rotations 11 41 
Assessed cover cropped rotations 10 37 
Assessed perennial cropped rotations 8 30 
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Figure 1. Percent change in C input and SOC between pair-wise comparisons of crop rotation functional 
group diversity. Gray points represent individual control-treatment comparisons, and black points with 
bars represent the mean effect size and 95% bootstrapped confidence intervals within each group of 
control-treatment pairs. Levels were considered significantly different from each other on an axis if their 
95% CIs did not overlap. C input was estimated in Mg C ha-1 yr-1; root C input includes root exudates. 
SOC was measured in g SOC kg-1
 
 soil. In the root C input panel, two points at % change C input = 933 
were removed for legible representation on a non-log transformed axis.  
Figure 2. Percent change in C input and SOC between pair-wise comparisons of species diversity within 
grain-only crop rotations. Gray points represent individual control-treatment comparisons, and black 
points with bars represent the mean effect size and 95% bootstrapped confidence intervals within each 
group of control-treatment pairs. Levels were considered significantly different from each other on an 
axis if their 95% CIs did not overlap.  CIs overlapping the zero line indicate no difference in SOC or C 
input between levels of species diversity. C input was estimated in Mg C ha-1 yr-1; root C input included 
root exudates. SOC was measured in g SOC kg-1
 
 soil. 
Figure 3. Percent change in SOC within cereal grain versus cereal + legume grain comparisons.  Levels 
differed in the species of cereal grain in the control rotation (e.g., “corn” indicates the rotation was 
continuous corn, “misc grain” indicates the rotation was composed of miscellaneous cereal grains). 
Levels were considered significantly different from each other if their 95% CIs did not overlap, and 
different from zero if their 95% CIs did not overlap zero.    
 
Figure 4. Percent change in SOC with crop rotation functional diversity at varying levels of N fertilizer 
rates. Rates were divided into two categories: i) ‘high: N fertilizer > 75’ are pair-wise comparisons in 
which both treatment and control received > 75 kg N ha-1 yr-1, and ii) ‘low: N fertilizer <= 75’ are pair-
wise comparisons in which both treatment and control received <= 75 kg N ha-1 yr-1. Percent changes 
were considered significantly different from each other if their 95% CIs did not overlap. CIs that overlap 
zero indicate no change in SOC at a given level of functional diversity and N fertilizer rate. Au
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